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ABSTRACT
During occupational exposure studies, the use of conventional scanning mobility particle sizers
(SMPS) provides high quality data but may convey transport and application limitations. New
instruments aiming to overcome these limitations are being currently developed. The purpose of
the present study was to compare the performance of the novel portable NanoScan SMPS TSI 3910
with that of two stationary SMPS instruments and one ultraﬁne condensation particle counter
(UCPC) in a controlled atmosphere and for different particle types and concentrations.
The results show that NanoScan tends to overestimate particle number concentrations with regard to
the UCPC, particularly for agglomerated particles (ZnO, spark generated soot and diesel soot particles)
with relative differences >20%. The best agreements between the internal reference values and
measured number concentrations were obtained when measuring compact and spherical particles
(NaCl and DEHS particles). With regard to particle diameter (modal size), results from NanoScan were
comparable< [§ 20%] to those measured by SMPSs for most of the aerosols measured.
The ﬁndings of this study show that mobility particle sizers using unipolar and bipolar charging
may be affected differently by particle size, morphologies, particle composition and concentration.
While the sizing accuracy of the NanoScan SMPS was mostly within §25%, it may miscount total
particle number concentration by more than 50% (especially for agglomerated particles), thus
making it unsuitable for occupational exposure assessments where high degree of accuracy is
required (e.g., in tier 3). However, can be a useful instrument to obtain an estimate of the aerosol
size distribution in indoor and workplace air, e.g., in tier 2.
EDITOR
Jian Wang
1. Introduction
Associations between exposure to ultraﬁne particles
(particles of low solubility with equivalent aerody-
namic diameters <100 nm) and adverse health effects
have been identiﬁed (Dockery et al. 1993; Atkinson
et al. 2001; Kreyling et al. 2002; Oberd€orster et al.
2004, 2005; Maynard and Kuempel 2005; Donaldson
et al. 2006). Epidemiological studies have shown that
at similar mass concentrations, ultraﬁne particles can
be more harmful than micrometer-size particles due
to their ability to penetrate deeper into the lung
(Peters et al. 1997; Oberd€orster et al. 2005). Taking
into account that nanoscale particles typically contrib-
ute negligibly to total mass concentrations, there is
evidence that other metrics such as particle number
(PN) concentration are more sensitive for this type of
particles (Kuhlbusch et al. 2011). In order to assess
exposure to potentially health hazardous particles,
measurements of particle diameter and mean size are
also advisable.
Different instruments have been developed to quan-
tify airborne PN concentrations such as condensation
particle counters - CPC (Agarwal and Sem 1980; Wie-
densohler et al. 1997; Hermann et al. 2007) for the deter-
mination of total PN concentration, and mobility
particle size spectrometers such as differential mobility
particle sizer (DMPS; Kousaka et al. 1985; ten Brink
et al. 1983), scanning mobility particle sizer (SMPS;
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Wang and Flagan 1989, 1990) or fast mobility particle
sizer (FMPS; Tammet et al. 2002) for the measurement
of PN concentrations as a function of particle size, i.e.,
particle number size distributions.
The theoretical principle of mobility particle size spec-
trometers is that particles of a speciﬁc charge distribution
(Fuchs 1963) may be classiﬁed in a differential mobility
analyser (DMA; Knutson and Whitby 1975; Winklmayr
et al. 1991; Fissan et al. 1996; Chen et al. 1998) according
to their electrical mobility. To obtain the mobility distri-
bution, the electric ﬁeld strength inside the classiﬁer is
sequentially (Fissan et al. 1983) or continuously (Wang
and Flagan 1990) ramped to give the bandwidth of elec-
trical mobilities. Typically the particles exiting the classi-
ﬁer are counted as PN with a CPC (Agarwal and Sem
1980). However, during occupational exposure studies,
the use of conventional SMPS conveys transport and
application limitations, due to its need for a radioactive
or X-ray neutralizer and its bulky nature. Therefore, a
novel portable nanoparticle sizing and counting instru-
ment (NanoScan SMPS TSI 3910; Tritscher et al. 2013)
was recently commercialized for real-time nanoparticle
measurements within the range from 10 to 420 nm. This
device incorporates a nonradioactive unipolar diffusion
charger (corona jet type) (Medved et al. 2000), a radial
differential mobility analyzer (rDMA; Zhang et al. 1995;
Fissan et al. 1998) and an isopropanol-based CPC. The
main advantage of this instrument is its portability
(<9 kg), battery operation without the need to use power
supply, small size (LxWxH D 45 £ 23 £ 39 cm), and the
use of a nonradioactive unipolar charger which makes it
a suitable monitor for real-time workplace measure-
ments without the transport and application restrictions
currently affecting traditional SMPS instruments.
Another advantage is the use of isopropanol instead of
butanol as a working ﬂuid since it is a relatively benign
chemical when compared to butanol (TSI 2015). The
downside of the NanoScan is its lower sizing resolution
(only 13 channels) (Stabile et al. 2014). Several studies
have reported that based on unipolar diffusion charging
of the FMPS, particles are wrongly sized in the upper
working size range (Price et al. 2014; Levin et al. 2015;
Zimmerman et al. 2015).
To date, few studies have measured the total PN con-
centrations and particle number size distributions by
using the above mentioned methods/instruments in a
variety of settings and environments such as ambient air
(Wehner et al. 2002; Costabile et al. 2009; Watson et al.
2011; Reche et al. 2011; Asmi et al. 2011; Cusack et al.
2013; Beddows et al. 2014; Brines et al. 2015; Gomez-
Moreno et al. 2015), indoor air (Morawska et al. 2009a;
Buonanno et al. 2010; Zhang et al. 2010; Buonanno et al.
2013; Voliotis et al. 2014) and industrial and
nanotechnology-related workplaces (Demou et al. 2008;
Brouwer 2010; Kuhlbusch et al. 2011; Koivisto et al.
2012; Koivisto et al. 2014; Fonseca et al. 2015a, b).
Intercomparisons between stationary mobility parti-
cle size spectrometers and CPCs can be found in the
literature (Jeong and Evans 2009; Asbach et al. 2009;
Watson et al. 2011; Asbach et al. 2012; Wiedensohler
et al. 2012; Kaminski et al. 2013; Price et al. 2014).
However, intercomparisons between stationary SMPS
and the novel portable NanoScan are scarce. Only
recently, Tritscher et al. (2013) studied the compara-
bility between the NanoScan SMPS, two research-
grade SMPS reference systems and an ultraﬁne butanol
CPC. Although a good comparability was found, there
is still a need to determine the reproducibility of data
provided by the NanoScan and study how it relates to
other sampling instruments in order to scrutinize the
limits concerning different materials, concentrations,
particle shapes and sizes. Stabile et al. (2014) com-
pared the NanoScan and an SMPS with a variety of
different polydisperse test aerosols. They found that
the agreement was best for spherical particles, whereas
signiﬁcant deviations were observed for agglomerates.
They furthermore found a better agreement between
the NanoScan and the SMPS when no diffusion and
multiple charge corrections were applied to the latter.
It should, however, be noted that only data from an
SMPS with both corrections active can be considered
as the most accurate representation of a particle size
distribution, whereas SMPS data obtained without
these corrections are known to be ﬂawed, especially in
the case of the larger, e.g., DEHS particles, where the
fraction of multiply charged particles is signiﬁcantly
higher and needs to be corrected using the multiple
charge correction (Kaminski et al. 2013). Reineking
and Porstend€orfer (1986) reported that diffusional
losses of particles inside a TSI long DMA are equiva-
lent to losses in a 13 m long tube. As an example,
losses of 20 nm particles in a long DMA amount to
approximately 66% and of 10 nm particles to approxi-
mately 75%. Diffusional losses of particularly small
particles can, therefore, be quite signiﬁcant and need
to be corrected for. Deconvolution of the NanoScan
raw data is much more complex than for the SMPS
data and, therefore, the multiple charge and diffusion
loss correction are already inherently included in the
empirical data evaluation routines. In the present
study, only SMPS data that had been corrected for
multiple charge effects and diffusion losses were used.
The purpose of the present study was to compare the
performance of the portable NanoScan SMPS TSI 3910
with that of two stationary SMPS instruments (with a
long and a nano DMA) and one ultraﬁne butanol
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condensation particle counter (UCPC) in a controlled
atmosphere and for different particle types. The ultimate
goal was to assess the suitability of the NanoScan instru-
ment for occupational exposure studies, given their spe-
ciﬁc needs with regard to accuracy, transport and use
limitations, etc. The instruments were simultaneously
challenged with intentionally produced particles cover-
ing a wide range of particle sizes and morphologies: di-
ethyl-hexyl-sebacate (DEHS; spherical), sodium chloride
(NaCl; cubic or near spherical shape), and agglomerates
as zinc oxide (ZnO), spark generated soot and diesel soot
particles (Kaminski et al. 2013).
2. Methodology
2.1. Instrumentation
Two common stationary and one NanoScan SMPS were
used for measuring particle size distributions. In addi-
tion, for measuring total size-integrated number concen-
trations, an ultraﬁne CPC was used (Table 1).
The two stationary SMPS used as internal reference
for the size distribution in this study were: (i) SMPS
(TSI, Model 3936 long), which consists of a long-column
DMA (TSI, Model 3081; Liu and Pui, 1974) and a buta-
nol CPC (TSI, Model 3772) with a lower detection limit
of 10 nm, hereafter referred to as “SMPS-L” and (ii)
SMPS (TSI, Model 3936 nano), which consists of a
nano-DMA (TSI, Model 3085; Chen et al. 1998) and an
Ultraﬁne Water-based Condensation Particle Counter
with a lower detection limit of 2.5 nm (UWCPC, TSI,
Model 3786; Hering et al. 2005), hereafter referred to as
“SMPS-N.” Both SMPS used a 85Kr bipolar neutralizer
with an initial activity of 74 MBq (TSI, Model 3077). The
neutralizer used in SMPS-N was approximately 5 years
old and the one in SMPS-L more than 10 years. In the
measuring conﬁgurations selected for this study, both
SMPS-L and SMPS-N delivered size distributions avail-
able in 64 channels per size decade. SMPS-L measured in
the size range 9.7 nm  Dp  421.7 nm (0.6 L min¡1
aerosol, 6 L min¡1 sheath ﬂow rate) or 19.1 nm  Dp 
897.7 nm (0.2 L min¡1 aerosol, 2 L min¡1 sheath ﬂow
rate) whereas the SMPS-N in the size range 3.2 nm  Dp
 107.5 nm (0.6 L min¡1 aerosol, 6 L min¡1 sheath ﬂow
rate). The aerosol ﬂow rate was frequently checked by
using a ﬂow meter (TSI, Model 4045) to ensure it
remained §10% of the instrumental ﬂow rate. The
SMPS with long DMA was equipped with an impactor
(nozzle diameter 0.0508 cm) which removes all particles
>553 nm (aerodynamic diameter) at an aerosol ﬂow rate
of 0.6 L min¡1 and >1011 nm at a ﬂow rate of 0.2 L
min¡1. The SMPS with nanoDMA was equipped with an
impactor with a 0.071 cm nozzle with a cut off size
around 1 mm. The latter impactor was mainly used to
protect the instrument from larger particles, because no
impactor with a cut-off size matching the upper size limit
of the DMA is available. Data were collected and evalu-
ated with the TSI Aerosol Instrument Manager software
(AIM, version 9.0.0.0, TSI), which allows correcting for
particle diffusion losses inside the instruments based on
empirical factors as well as for multiple charge correction
(Hoppel 1978; Fissan et al. 1983). The time resolution of
both SMPSs was set to 180 sec (120 s upscan, 30 s retrace
and 30 s wait time for SMPS-L and 120 s upscan, 20 s
retrace and 40 s wait time for SMPS-N, respectively).
While SMPSs are generally used to measure stable
particle size distributions, the time resolution of the por-
table electrical mobility spectrometer NanoScan SMPS
(TSI, Model 3910; aerosol ﬂow rate 0.75 L min¡1 § 20%
ﬂow inlet) allows in principle for measuring more rapidly
changing particle mobility size distributions in 13 chan-
nels. In this study, while the stationary SMPS delivered
Table 1. Speciﬁcations of instruments used in this study.
ID
Manufacturer
and Model
Studied
metric
Size range
[nm]
Time
resolution [s]
Aerosol ﬂow
rate [L min¡1]
Sheath ﬂow
rate [L min¡1]
Software
version
Other
settings
SMPS-L TSI SMPS,
Model
3936 long
PNCa
C
PSDb
9.7–421.7
19.1–897.7
180 0.6
0.2
6
2
AIM,
version 9.0.0.0
Long DMA (TSI, Model 3081)
C CPC (TSI, Model 3772)
85Kr bipolar neutralizer
(74 MBq, TSI model 3077)
SMPS-N TSI SMPS,
Model
3936 nano
PNCa
C
PSDb
3.2–107.5 180 0.6 6 AIM,
version 9.0.0.0
Nano DMA (TSI, Model 3085)
C UWCPC (TSI, Model 3786)
85Kr bipolar neutralizer
(74 MBq, TSI model 3077)
NanoScan TSI SMPS,
Model 3910
PNCa
C
PSDb
10–420 60 0.75 – NanoScan Manager
Version 1.0.0.19
Non-radioactive
unipolar diffusion
charger (corona jet type)
UCPC TSI UCPC,
Model 3776
PNCa 2.5–3000 1 1.5 – AIM, version 9.0.0.0 –
aPNC: PN concentration; bPSD: particle size distribution.
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size distribution data every 3 min, the time resolution of
the NanoScan SMPS was 1 min (45 s up-scan in which
the measurement occurs, and a 15 s retrace).
An ultraﬁne butanol condensation particle counter
(UCPC, TSI, Model 3776) was used as internal reference
to determine the total number concentration. According
to the manufacturer’s speciﬁcations, the UCPC covers
the size range between 2.5 nm and 3 mm and uses a sin-
gle particle count mode measuring up to 3 £ 105 cm¡3.
The UCPC was operated in high ﬂow mode with a ﬂow
rate of 1.5 L min¡1 in order to minimize particle diffu-
sion losses in the system. Particle losses were not cor-
rected, because the UCPC does not record size
distributions, which are required for correction of diffu-
sional losses.
In order to conﬁrm the particle morphology and the
elemental chemistry of spark generated soot and diesel
particles, samples were collected onto Quantifoil® gold
(Au) grids with 1 mm diameter holes - 4 mm separation
of 200-mesh with the nanometer aerosol sampler (NAS;
TSI, Model 3089; Dixkens and Fissan 1999) for transmis-
sion electron microscopy (TEM) and energy dispersive
x-ray spectroscopy (EDS) analysis. Charged particles in
the range from 2 to 100 nm were sampled onto collection
substrates for 10 min at a ﬂow rate of 2.5 L min¡1 and a
collection voltage of C10 kV.
2.2. Particle generation
Four different types of aerosol generators were used to
intentionally produce ﬁve different types of aerosol:
(i) NaCl; (ii) DEHS; (iii) ZnO; (iv) spark generated soot,
and (v) diesel soot. A total of ﬁfteen experiments were
performed, to assess the performance of the instruments
under different concentration levels and different particle
sizes. Twelve of these experiments corresponded to aero-
sols with unimodal particle size distribution and the
remaining three were multimodal (Table S1 in the online
supplementary information [SI]).
Cubic (NaCl) particles with average sizes of 10 nm
and 60 nm were produced by a burner (FG2, MoTec
Konzepte, Bochum Germany; Monse et al. 2014) and a
home-made atomizer, respectively. ZnO particles with
average particle size of 60 nm were generated by using
the same burner generator, while small droplets of
DEHS were generated by spraying pure DEHS using the
aforementioned atomizer.
Agglomerated carbonaceous aerosol (spark generated
soot) were produced using a spark generator (GFG 3000,
Palas GmbH, Karlsruhe, Germany) equipped with
graphite electrodes. The total spark generator current
was always 14.6 mA and the argon ﬂow rate approxi-
mately 5 L min¡1. The generator allows for a dilution of
the freshly produced aerosol with particle-free dilution
air to avoid rapid coagulation. A dilution air of 17.5 L
min¡1 during experimental runs for the smallest spark
generated soot in diameter (#8 and #9), and 5 L min¡1
during experimental runs for the largest spark generated
soot in diameter (#10 and #11), were added. The highly
concentrated aerosol was further diluted in a wind tunnel
with ﬁltered air ranging from 200 to 2880 m3 h¡1. The
use of different dilution rates, allowed to understand the
performance of the instruments under two different con-
centration levels, around 104 cm¡3 and 105 cm¡3. An
average particle size of 48 and 67 nm was obtained for
experiments spark generated soot #8 and #9, respectively,
whereas for spark generated soot #10 and #11, particles
of 82 and 105 nm in diameter were obtained.
Agglomerated diesel soot particles (»100 nm), were
generated by using a diesel engine (aspiration type,
2180 cm3, Mercedes Benz 220D, 44 kW at 4200 rotations
min¡1) idling at 1400 rotations min¡1.
Additionally, bimodal size distributions were pro-
duced from diesel soot by letting the same diesel engine
idling at 800 rotations min¡1 and NaCl by using burner
and NaCl/DEHS trimodal size distributions by a combi-
nation of burner and atomizer. For the ZnO, diesel soot
and multimodal particle size distributions, only one con-
centration level was chosen.
All the measured concentrations were within the
range speciﬁed by the manufacturers for the instruments
included in the study.
2.3. Experimental setup
Experiments were conducted at the NanoTest-Center of
the Institute for the Research on Hazardous Substances
(IGF) in Dortmund, Germany. Details of the Nano Test
Center can be found in Asbach et al. (2009, 2012) and
Kaminski et al. (2013).
Particles from the atomizer and spark generator
were neutralized before being introduced into the
wind tunnel by passing through a radioactive source
85Kr (TSI, Model 3012A; 370 MBq initial activity,
approximately 3 years old). Particles from the atomizer
were additionally dried by a silica gel diffusion dryer.
Afterwards, they were injected into the wind tunnel
(20 m long with a diameter of 0.7 m), where they were
mixed with ultra-low penetration air (ULPA) ﬁltered
dilution air. The wind tunnel feeds into a 20 m3 expo-
sure chamber, which is ventilated by a blower that
deﬁnes the dilution air ﬂow rate in the wind tunnel. A
schematic diagram of experimental setup is shown in
Figure S1 in the SI.
The dilution air ﬂow rates in the wind tunnel were
adjusted to ﬂow rates between 250 and 3660 m3h–1 in
656 A. S. FONSECA ET AL.
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order to produce the desired particle concentration lev-
els. According to Asbach et al. (2012), the aerosol is
homogenously mixed in the exposure chamber so that
all instruments placed inside sample identical aerosol
concentrations and particle size distributions.
All devices were placed in the mixing chamber and
sampled directly without any tubes attached. They were
positioned on a table inside the exposure chamber
(Figure S1 in the SI), measuring at approximately the
same height with adequate distance between each other.
The NAS, which required frequent replacement of TEM
grids, was placed outside the exposure chamber and con-
nected to a sampling train, operated at 20 L min¡1,
which splits the total ﬂow into two ﬂows of 10 L min¡1.
Before each experimental run, the mixing chamber
was ﬂushed with clean air until the background concen-
tration in the exposure chamber reached a level of typi-
cally around 1 £ 103 cm¡3 or below, and after that the
respective aerosol generator was connected to the wind
tunnel. Measurements started approximately 20 min
after the generator was switched on, when the N concen-
tration in the chamber was constant (§10%). Each
experiment consisted of 30 consecutive minutes of parti-
cle measurements under stable PN concentrations.
2.4. Data analysis
Regarding the measured size distribution data, since the
SMPSs and NanoScan instruments use different size
channel widths and midpoints, data ﬁtting of the mea-
sured size distributions was necessary. Thus, for a quan-
titative comparison of the measurement results, each
experiment data was averaged for the approximately
30 min period and afterwards ﬁtted to lognormal particle
number size distributions (characterized by parameters
as total number concentration, mode diameter, and stan-
dard deviations). Fitting was conducted using the multi-
peak ﬁt option of IGOR version 6.2.0.0. The
distributions were ﬁtted within the size limits of SMPSs.
The probability value (p-value) calculated by the Two
Sample t Test (unequal variances) provided insights into
the quality of the ﬁtting procedure. If the p-value is less
than or equal to the signiﬁcance level (a, most often set
at p-value  0.05), the test suggests that the observed
data are inconsistent with the null hypothesis (that the
means of two datasets are equal), so the null hypothesis
must be rejected. This test guarantees that the type I
error rate (is the incorrect rejection of a true null hypoth-
esis) is at most a. In this study, a p-value  0.05 was con-
sidered acceptable in data ﬁtting.
3. Results and discussion
3.1. Unimodal aerosols
The comparison between the response of the NanoScan
SMPS with the internal reference response for size distri-
bution (SMPS-L and SMPS-N) and total PN concentra-
tions (UCPC) to unimodal aerosols is shown in Table 2
and Table 3 for compact spherical and agglomerated par-
ticles, respectively. It should be noted that the size range
of both SMPS-N and SMPS-L is limited due to the nano-
DMA and long-DMA, respectively, and therefore only in
case of the aerosol size range in experiment #1 NaCl was
properly covered by SMPS-N and in case of experiments
#4, #5 and #6 DEHS, were only covered by SMPS-L. In
the case of spark generated soot #10 #11 and diesel soot
#12, only the SMPS-L data was used for intercomparison
since the SMPS-N size distribution was incomplete and
the multiple charge correction was not usable, because it
requires the use of an impactor that removes all particles
larger than the largest particle size covered by the DMA
with the settings used. Such an impactor is not available.
As shown in Tables 2 and 3, the variability across
instruments was broad for each speciﬁc type of aerosol,
even at times between the two SMPS instruments. These
Table 2. Parameters of the ﬁtted lognormal particle number size distributions (total number concentrations, modal diameter, and stan-
dard deviations) measured by the SMPSs (NanoScan, SMPS-L, and SMPS-N) and UCPC measuring compact and spherical particles (num-
ber 1–6 in Table S1 in the SI); all concentrations (PNtotal) in [cm
¡3] and all diameters (Dmode) in [nm].
NaCl DEHS
Experiment #1 #2 #3 #4 #5 #6
UCPC
PN total § s [cm¡3]
7.9 § 0.3 £ 104 1.8 § 0.3 £ 104 1.6 § 0.7 £ 105 2.1 § 0.03£ 104 9.9 § 0.2 £ 104 4.2 § 0.3 £ 104
NanoScan PN total § s
[cm¡3]
2.1 § 0.1 £ 104 1.8 § 0.4 £ 104 2.1 § 0.2£ 105 2.3 § 0.02 £ 104 1.0 § 0.1 £ 105 5.1 § 0.6 £ 104
SMPS-L  1.6 § 0.3 £ 104 1.7 § 0.1£ 105 2.1 § 0.04 £ 104 1.0 § 0.05 £ 105 4.0 § 0.3 £ 104
SMPS-N 7.8 § 0.5 £ 104 1.7 § 0.3 £ 104 1.9 § 0.1£ 105   
NanoScan Dmode § s
[nm]
13.2 § 0.09 72.9§ 2.4 68.6§ 2.1 173.6 § 2.5 182.2 § 2.6 131.6 § 1.6
SMPS-L  64.3§ 0.3 58.7 § 0.3 231.2§ 3.9 228.2 § 1.4 198.8§ 1.3
SMPS-N 10.6§ 0.04 73.6§ 1.3 64.3§ 0.6   
s: Standard deviation.Non-overlapping size.
Values in bold: considered internal reference value for total N concentration (UCPC) and for particle number size distributions (SMPS-N or SMPS-L).
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data should be interpreted bearing in mind the different
size ranges measured by each of the instruments, which
may signiﬁcantly inﬂuence the total PN concentrations
measured. To support the interpretation of these Tables,
Figure 1 shows the differences in total PN concentration
between the three instruments and the UCPC while
Figure 2 shows the relative differences in modal diame-
ters between NanoScan and the other SMPSs.
Overall, for aerosols >50 nm NanoScan measured
higher PN concentrations than the internal reference
UCPC, with deviations between 4% and 66% (Figure 1
and Tables 2 and 3). The largest deviations of the total
PN from the reference instrument UCPC were observed
for agglomerated particles although, these type of par-
ticles registered the lowest standard deviations
(<§11%; error bars shown in Figure 1).
If an arbitrary threshold of 20% difference (represent-
ing a worthy performance for a ﬁeld instrument, and
also the sum of the C/¡10% uncertainty of CPC instru-
ments) between PN measured (NanoScan, SMPSs) and
PN expected (UCPC) is considered, the results obtained
with NanoScan were above threshold for 7 of the aero-
sols (NaCl #1 and #3; ZnO #7; spark generated soot #9,
#10 and #11; and diesel soot #12) whereas a good agree-
ment (below threshold) was obtained for 2 of the aero-
sols for which SMPS-N covered most of the particle size
distribution (NaCl #1 and ZnO #7) and for all unimodal
aerosols with SMPS-L, excepting NaCl #1 (which is not
covered by SMPS-L).
Contrary to the total PN concentrations, the particle
modal diameter measured by NanoScan and SMPS-L
(Figure 2) agreed poorly (>20% difference) for DEHS
particles, but agreed fairly well within <10% deviation
for 66 nm ZnO, 48 and 67 nm spark generated soot at
low and high concentrations, 82 nm spark generated
soot at low concentrations and 96 nm diesel soot.
Table 3. Parameters of the ﬁtted lognormal particle number size distributions (total number concentrations, modal diameter, and stan-
dard deviations) measured by the SMPSs (NanoScan, SMPS-L and SMPS-N) and UCPC measuring agglomerated particles (number 7 to
12 in Table S1 in the SI); all concentrations (PNtotal) in [cm
¡3] and all diameters (Dmode) in [nm]. Values in bold: considered internal refer-
ence value for total PN concentration (UCPC) and for particle number size distributions (SMPS-N or SMPS-L).
ZnO
Spark Generated Soot
Diesel Soot
Experiment #7 #8 #9 #10 #11 #12
UCPC
PN total § s [cm¡3]
1.3 § 0.03 £ 105 1.5 § 0.02 £ 104 1.0 § 0.02 £ 105 1.1 § 0.02 £ 104 7.9 § 0.2 £ 104 1.2 § 0.09 £ 105
NanoScan PN total§ s
[cm¡3]
1.8 § 0.2 £ 105 1.8 § 0.1 £ 104 1.4 § 0.1 £ 105 1.6 § 0.02 £ 104 1.3 § 0.05 £ 105 1.9 § 0.2 £ 105
SMPS-L 1.5 § 0.09 £ 105 1.6 § 0.1 £ 104 1.1 § 0.04 £ 105 1.1 § 0.02 £ 104 7.2 § 0.3 £ 104 1.2 § 0.1 £ 105
SMPS-N 1.5 § 0.1 £ 105 1.8 § 0.2 £ 104 1.1 § 0.03 £ 105   
NanoScan Dmode § s
[nm]
67.4 § 0.9 49.1 § 0.7 63.2 § 0.9 74.6 § 1.1 91.1 § 1.7 95.1 § 1.5
SMPS-L 66.2 § 0.3 47.9 § 0.3 66.7 § 0.2 81.9 § 0.2 105.4 § 0.2 95.6 § 0.5
SMPS-N 66.9 § 0.3 48.6 § 0.3 70.7 § 0.5   
s: Standard deviation.Non-overlapping size.
Figure 1. Relative difference in PN concentration between the three SMPSs and UCPC measurement. Error bars indicate the standard
deviation (§s). The dashed (red) horizontal line indicates the considered arbitrary threshold of §20% difference between PN measured
(NanoScan, SMPSs) and PN expected (UCPC).
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Detailed information concerning the performance of
each instrument as the measured total PN concentration
and particle size distribution for each type of aerosol under
study is shown and discussed in the following sections.
3.1.1. Compact and spherical particles
In the NaCl experiments, it is important to take into
account that the generated aerosol was outside the mea-
surement range of the SMPS-L (19.1–897.7 nm) and in
lower end of the NanoScan particle size measurement
range for 11 nm NaCl #1 and that SMPS-N did not cover
the entire range of the generated 60 nm NaCl #2 and #3.
When comparing total PN between the different instru-
ments and the UCPC (considered here as the internal
reference instrument), results showed that, for 11 nm
NaCl #1 particles, PN concentrations were signiﬁcantly
underestimated (p-value < 0.05) by the NanoScan (74 §
5%). Total PN concentration reported by the SMPS-N
agreed with the reference (1% underestimation; p-value
D 0.2). Since the generated 60 nm NaCl #2 and #3 was
within the size range of the NanoScan and SMPS-L, the
performance of the two instruments in terms of PN con-
centrations improved largely with coarser particles
(when compared to 11 nm NaCl #1 particles). At low
concentrations (NaCl #2), PN concentrations measured
by NanoScan and SMPS-L overestimated by 5.1 § 22%
and underestimated by 9.3 § 19%, respectively, those
measured by the UCPC. At high concentrations (#3), PN
was overestimated by 32 § 10% by NanoScan and by 7
§ 6% by SMPS-L. Thus, the deviation from the reference
value of NanoScan was larger at high concentrations.
The size distributions measured for 11 nm NaCl #1 and
60 nm NaCl #3 are illustrated in Figures 3a and b,
respectively. As for 11 nm NaCl #1, the performance of
NanoScan was far from optimal for this type of aerosol
since particle size distributions deviated >20% from
SMPS-N (Figures 2 and 3a). As a result, care should be
Figure 2. Relative difference in modal diameter between NanoScan and SMPS-L measurement (gray columns) and SMPS-N (black col-
umn). Error bars indicate the standard deviation (§s). The dashed (red) horizontal line indicates the considered arbitrary threshold of
§20% difference between PN measured (NanoScan, SMPSs) and PN expected (UCPC).
Figure 3. Measurement data and ﬁtted particle number size dis-
tribution of generated particles measured in the exposure cham-
ber with SMPS-N, SMPS-L and NanoScan: (a) 11 nm NaCl #1;
(b) 60 nm NaCl #3 at high concentration and; (c) 199 nm DEHS
#6. Error bars indicate the standard deviation. p D p-value.
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taken when using NanoScan data from the lower end of
the instrument’s particle size range.
Particle size distributions of 60 nm NaCl #2 at low
(Figure S2 in the SI) and NaCl #3 at high concentrations
(Figure 3b) measured by NanoScan were slightly shifted
towards larger particle sizes (73 and 69 nm, respectively)
whereas the mode diameters measured by SMPS-L at
low and at high NaCl concentrations were 64 and
59 nm, respectively. The standard deviations of mode
diameters showed variations in a similarly narrow range
between 0.3 and 2.4 (NaCl #2) and between 0.3 and
2.1 nm (NaCl #3). The dilution in the wind tunnel not
only affected the concentrations but also inﬂuenced par-
ticle size (i.e., with an increase of the ﬂow rate inside the
wind tunnel, an increase of particle concentration and a
decrease in particle diameter are detected due to the
shorter residence time for coagulation). The performance
of the NanoScan instrument regarding particle diameters
was slightly better for low PN concentrations and larger
NaCl particles (1.8 § 0.3 £ 104 cm¡3; 73 nm; NaCl #2;
Figure 2) which was in agreement with the lowest devia-
tions in total PN concentrations observed from Nano-
Scan when compared to the reference value of UCPC.
Since the particle mode shifting was more pronounced at
higher concentrations of NaCl and lower diameter
(69 nm; NaCl #3), the NanoScan overestimation in mea-
suring particle number concentration may possibly be
explained by a particle size misclassiﬁcation in the radial
DMA and a corresponding effect on the data deconvolu-
tion. However, it should be taken into account that these
misclassiﬁcation of particle size is within the uncertainty
of 20% of deviations. In addition, this behavior was not
observed for all other spherical aerosol types (e.g.,
DEHS, see below). Thus, further studies are needed to
understand this behavior.
Spherical DEHS particles #4, #5, and #6 were mostly
outside the measurement range of the SMPS-N (3.2–
107.5 nm). When comparing the measured PN between
the SMPS-L, NanoScan, and UCPC in experiments,
»230 nm DEHS #4 and #5, results showed that PN was
overestimated by NanoScan (10 § 1% at low and 4 §
10% at high concentrations) and by the SMPS-L (3 § 2%
at low and 6 § 5% at high concentrations). Regarding
the 199 nm DEHS #6 (Table 2), NanoScan measure-
ments agreed with the reference PN concentration within
the arbitrary 20% threshold deﬁned above (19 § 12%
difference), while the SMPS-L underestimated the refer-
ence value with 5§ 8% (Table 2 and Figure 1). Especially
in the case of NanoScan these values should be consid-
ered with care, as the instrument did not cover the entire
size range of the test aerosol. A higher overestimation of
the reference values might be expected if we consider the
results obtained when measuring the 199 nm DEHS #6.
However, for both NanoScan and SMPS-L an agreement
within 20% is to be expected, which was the case.
For DEHS particles, the particle size distributions
measured by NanoScan showed a poor agreement when
compared with the ones measured by the SMPS-L
(Table 1 and Figure 2). The NanoScan particle size distri-
butions measured for »230 nm DEHS #4 and #5
(Figure S3 in the SI) and 199 nm DEHS #6 (Figure 3c)
were shifted towards smaller particles sizes, measuring
mode particle diameters of 174–182 nm and 132 nm
(20–25% and 34% lower than reference value of SMPS-L,
respectively). The deviations among both instruments
were considered not statistically signiﬁcant (p-value >
0.05) (Table 2 and Figure 2). This difference in Nano-
Scan performance for the DEHS aerosols may be caused
by the fact that the Cunningham slip correction factor
gets an increasingly weak function of particle diameter
with increasing particle size and eventually even passes a
minimum (Levin et al. 2015), and hence the electrical
mobility of unipolar diffusion charged particles (as
acquired in the NanoScan) also becomes less sensitive in
measuring the particle diameter (Morawska et al. 2009b)
by acquiring a charge level which is nearly proportional
to the particle diameter (Jung and Kittelson 2005;
Asbach et al. 2011). It should be noted that a constant
and unexpected peak was detected around 22–27 nm
with NanoScan in each experimental run with DEHS
particles, and it is also suggested by the SMPS-L data.
Although these peaks were well below the main peak of
the measured size distribution, there is no apparent rea-
son for this occurrence and seems due to a systematic
failure, e.g., due to an overcompensation in the data
deconvolution.
The results from the experiments with compact and
spherical particles (DEHS and NaCl aerosols) suggest
that the agreement between NanoScan and SMPS con-
cerning sizing and PN concentrations is dependent on
the combination of total PN concentration and particle
size, given that the better performances for NanoScan
were observed while measuring aerosol NaCl concentra-
tions in the range of 104 cm¡3 (NaCl #2), and excluding
those for which particle diameter was at the lower end of
the measurement range of the instrument (NaCl #1).
Additionally, the lower accuracy of NanoScan (lower
number of channels) and consequently, the particle size
misclassiﬁcation seems to be the reason for the Nano-
scan overestimation in measuring particle number con-
centration. The higher the deviation on the mode
particle size, the higher the deviations on the particle
counting. From this assessment, the NanoScan underes-
timated particles larger than 200 nm by up to 34%, thus
making it unsuitable for occupational exposure assess-
ments where a high degree of accuracy is required. This
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instrument may be advisable for tier 2 studies, with an
indicative purpose and which require a lower measure-
ment accuracy, but its use should not be encouraged for
tier 3 studies.
In addition, it is important to highlight that these
results cannot be generalized for all spherical particles.
The recent study of Stabile et al. (2014) concluded that
the spherical atomized dioctyl phthalate (DOP) particles
(111 nm by SMPS with diffusion and multiple charge
correction) were both correctly counted and sized. Simi-
lar results were also published by Tritscher et al. (2013),
with both polydisperse NaCl and Emery Oil (EO) par-
ticles. These discrepancies highlight the need for further
research in this ﬁeld.
3.1.2. Agglomerated particles
While the size distribution agreement between SMPS-L
and NanoScan was poor for NaCl particles with sizes
around 59–64 nm and DEHS with sizes around 199–
231 nm, it agreed well for the tested agglomerated 66 nm
ZnO #7 (Figure 4). The size distribution measured by
NanoScan showed a narrow range of modal diameter of
67.4 § 0.9 nm. However, the total PN concentrations
measured by NanoScan, SMPS-L, and SMPS-N, were 1.8
§ 0.2£105, 1.5 § 0.1 £ 105 and 1.5 § 0.1 £ 105 cm¡3,
with deviations from the internal reference UCPC con-
centration below 20% threshold for both SMPS-L and
SMPS-N, and over (37%) for NanoScan (Table 3 and
Figure 1). As described above, this signiﬁcant overesti-
mation (p-value < 0.05) of the PN by NanoScan could
be related to the ZnO concentrations generated (in the
order of 105 cm¡3), higher than in previous NaCl experi-
ments (in the order of 104 cm¡3) or, in this case, eventu-
ally due to the effect of particle morphology on
NanoScan particle unipolar diffusion charger. Previous
studies with unipolar diffusion chargers have recognized
that the charging efﬁciency for agglomerates is different
from the ones for spheres (Biskos et al. 2004; Asbach
et al., 2009, 2012; Leskinen et al. 2012; Kaminski et al.
2013; Stabile et al. 2014; Zimmerman et al. 2014, 2015).
Particle borne preexisting charges may also affect the
charging efﬁciency (Qi et al. 2009; Kaminski et al. 2013).
Similarly to ZnO, the spark generated soot particle
morphology deviated most from the commonly assumed
spherical particle shape. The 48–67 nm spark generated
soot particles were produced at low (1.5 § 0.02 £ 104
cm¡3; spark generated soot #8) and high (1.0 § 0.02 £
105 cm¡3; spark generated soot #9) concentrations. In
these experiments, SMPS-N did not cover the entire
range of the generated aerosol.
When comparing total PN between the SMPSs and
the internal reference UCPC, results evidenced that PN
concentrations were overestimated by NanoScan above
the 20% threshold (35 § 7% at high concentrations;
spark generated soot #9) and below the threshold at low
concentrations (17 § 6%; spark generated soot #8), as
well as by SMPS-L at low and high concentrations (7 §
6% for low concentration and 5 § 4% for the high con-
centration). All these deviations were considered to be
statistically signiﬁcant (p-value < 0.05). The perfor-
mance of SMPS-L regarding the particle count was better
at higher than at lower concentrations, as opposed to
NanoScan (in agreement with the results obtained in the
previous experiments such as NaCl).
Corresponding TEM images for these generated spark
soot particles are shown in Figure 5a whereas the particle
size distributions are shown in Figure S6 in the SI. As
can be conﬁrmed, the TEM images show a presence of
Figure 4. Measurement data and ﬁtted particle number size dis-
tribution of generated 66 nm ZnO particles (#7), measured in the
exposure chamber with SMPSs and NanoScan. Error bars indicate
the standard deviation. p D p-value.
Figure 5. TEM images of collected samples: (a) 67 nm spark soot at high concentration (spark generated soot #9); (b) and (c) 105 nm
spark generated soot at high concentration (spark generated soot #11).
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compacted spark generated soot particles of diameter
>50 nm which agrees fairly well with the delivered diam-
eters by the instruments at high concentrations (63.2 nm
spark generated soot #9 by NanoScan and 66.7 nm spark
generated soot #9 by SMPS-L).
Contrary to the total PN concentrations measured by
NanoScan, the instruments performances regarding par-
ticle size distributions were almost identical at high and
low concentrations with 3 § 1% and 5 § 1% difference
from the reference, respectively (Figure 2 and Figure S4
in the SI).
Since the NanoScan agreement regarding particle size
was better for agglomerated particles (48–67 nm spark
generated soot #8 and #9 and 66 nm ZnO #7) than for
compact particles (59–64 nm NaCl #2 and #3), it can be
concluded that the performance of this instrument not
only depends on effective particle size but also on parti-
cle morphology. Different charging probabilities of the
bipolar (SMPSs) and unipolar diffusion charger (Nano-
Scan) under differently shaped particles may be a
hypothesis for this dependence. It has been reported that
charging is affected by particle morphology (Asbach
et al. 2009; Kaminski et al. 2013; Zimmerman et al.,
2014, 2015).
Subsequently, the instruments were exposed to larger
spark generated soot particles of 82 nm and 105 nm in
diameter using the same settings: low (1.1 § 0.02 £ 104
cm¡3; spark generated soot #10) and high (7.9 § 0.2 £
104 cm¡3; spark generated soot #11) concentrations.
The PN concentrations measured by NanoScan signif-
icantly overestimated, 40 § 1% and 66 § 4%, those mea-
sured by the internal reference UCPC at low and high
concentrations, respectively (spark generated soot #10
and #11). As in the case of PN concentration with 48–
67 nm spark generated soot #8 and #9, the performance
of NanoScan decreased from lower to higher concentra-
tions, despite both scenarios being in the order of 104
cm¡3 (Figure 1). Concerning SMPS-L, different behav-
iors were observed in comparison to those registered for
48–67 nm spark soot, since the PN concentrations were
underestimated for low (by 5 § 2%) (spark generated
soot #10) and for high concentrations (by 9§ 4%) (spark
generated soot #11).
The corresponding size distributions are shown in
Figure S5. Spark generated soot particles sampled on
TEM grids are shown in Figures 5b and c. The TEM
images show that the spark soot particle sizes were larger
than those reported by all of the instruments, evidencing
that all of them underrepresented the actual spark gener-
ated soot particle size (>100 nm) delivering an electrical
mobility diameter much smaller than the geometric
extension of the agglomerate spark soot (seen in
Figure 5c) and unstructured appearance (seen in
Figure 5b). The Figure 5c suggests that the particles were
aligned in the electric ﬁeld and thus, classiﬁed as mobility
diameter smaller than the particle length itself. However,
from Figure 5b it seems that there is two overlapping
particles, a less structured and larger particle on the left
side (>200 nm) and a more structured particle on the
right side of approximately 100 nm as diameter which
agrees well with the instrument’s response.
As can be seen, the resulting spark generated soot
size distributions measured by NanoScan showed
smaller modal diameters (75–91 nm; Table 3) than
the internal reference SMPS-L (82–105 nm). In agree-
ment with previous experiments, as in the case of
total PN concentrations, the shift towards smaller
particle sizes according NanoScan was more evident
at high particle concentrations. Also, by comparing
both spark generated soot particles (48–67 nm and
82–105 nm), the reported effects were more pro-
nounced by NanoScan when the spark soot agglomer-
ates were larger (Figures 2, 5b and c). Such
observations suggest that with an increase of particle
size, the electrical mobility of unipolar diffusion
charged particles becomes less accurate to the regis-
tered particle diameter (Morawska et al. 2009b).
Diesel soot #12 particles were generated at high
total PN concentrations (1.2 § 0.09 £ 105 cm¡3
reported by the UCPC). Total PN concentrations
measured by NanoScan were statistically signiﬁcantly
higher (p-value < 0.05) than the reference by >20%
(1.9 § 0.2 £ 105 cm¡3), whereas SMPS-L underesti-
mated the reference concentration by 4 § 8% (p-
value > 0.05; not statistically signiﬁcant) (Figure 1
and Table 3). The diesel soot #12 particle size distri-
bution (Figure 6) measured with NanoScan was found
to agree well with the internal reference SMPS-L (96
§ 0.5 nm) (Figure 2). The recent study of Stabile
et al. (2014), observed similar results such as an up
to twofold overestimation of the actual total particle
number concentration obtained through the labora-
tory SMPS and pointed the effect of particle morphol-
ogy on the NanoScan particle charging technique
should be a possible explanation of the deviations on
particle counting. The reason for the better agreement
between the reference and measured particle diame-
ters by NanoScan for diesel soot #12 with regard to
spark generated soot at high concentrations #11 may
be that freshly emitted diesel soot particles are often
covered with volatile organic compounds, likely giving
the particles a more compact shape than the spark-
generated soot particles. The corresponding TEM
image (Figure 6) revealed diesel soot particles as fairly
compact agglomerates of smaller spherical particles of
approximately 100 nm as physical diameter, which is
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in a good agreement with the modal diameter
reported by the SMPS-L and NanoScan.
Based on these ﬁndings, the NanoScan seems to be a
useful instrument to estimate particle size distribution in
occupational environments where the target particles are
considered as agglomerated. However, total particle
number concentrations can be overestimated by up to
66% (see previous sections). For accurate exposure
assessment studies (e.g., in the tier 3 of a tiered exposure
assessment strategy; Methner et al. 2010; Witschger et al.
2012; Asbach et al. 2014), the stationary SMPS instru-
ments are still the preferred choice to measure simulta-
neously the total particle number concentration and size
distribution.
3.2. Multimodal aerosols
Concerning the multimodal aerosols, the comparison
between the NanoScan with the internal reference is
shown in Table 4.
Bimodal diesel soot #13 (31 C 136 nm) and NaCl #14
(27 C 61 nm) and trimodal NaCl/DEHS #15 (27 C 54 C
145 nm), were generated at high total PN concentrations
(2.3 § 0.07 £ 105 cm¡3, 1.7 § 0.04 £ 105 cm¡3 and 2.9
§ 0.4 £ 105 cm¡3 reported by UCPC, respectively).
Total PN concentrations measured by NanoScan were
below the reference by <20% for all the multimodal
aerosols besides considered statistically signiﬁcant (p-
value < 0.05). The SMPS-L and SMPS-N overestimate
the reference concentration by 50% and 47%, respec-
tively, for the bimodal NaCl aerosol #14 (p-value <
0.05). Although better agreement from NanoScan with
regard to total N concentrations, the corresponding ﬁtted
particle size distributions were found to not agree well
with the internal reference SMPS-L and SMPS-N for the
bimodal NaCl #14 (Figure S6 in the SI) and the trimodal
NaCl/DEHS #15 (Figure S6 in the SI) since an unimodal
distribution was obtained in both cases, delivering mode
diameters of 51 § 0.7 and 67 § 1.1 nm, respectively,
which correspond to the predominant mode size of the
total particle number size distribution. Therefore, the
NanoScan does not seem to be able to properly resolve
multimodal distributions.
Only in case of bimodal diesel soot #13, the size distri-
bution delivered by NanoScan may be interpreted as
bimodal, however, its shape and modal diameters are
Figure 6. (Left) Measurement data and ﬁtted particle number size distribution of generated 96 nm diesel soot particles at high concen-
trations, measured in the exposure chamber with SMPS-L and NanoScan. Error bars indicate the standard deviation. p D p-value. (Right)
TEM image of collected diesel soot particles.
Table 4. Parameters of the ﬁtted lognormal particle number size distributions (total number concentrations, modal diameter, and stan-
dard deviations) measured by the SMPSs (NanoScan, SMPS-L and SMPS-N) and UCPC measuring multimodal aerosols (number 13 to 15
in Table S1 in the SI); all concentrations (PNtotal) in [cm
¡3] and all diameters (Dmode) in [nm].
Multimodal aerosols
No. of experiment Diesel soot #13 NaCl #14 NaCl/DEHS #15
UCPC
PNtotal § s [cm¡3]
2.3 § 0.07 £ 105 1.7 § 0.04£ 105 2.9 § 0.4 £ 105
NanoScan PN total§ s
[cm¡3]
2.8 § 0.1 £ 105 1.9§ 0.2 £ 105 3.3§ 0.9 £ 105
SMPS-L 2.5 § 0.1 £ 105 2.5 § 0.07£ 105 4.1 § 0.7 £ 105
SMPS-N 2.7 § 0.2 £ 105 2.5§ 0.1 £ 105 3.2§ 0.5 £ 105
NanoScan D mode§ s
[nm]
30.9 § 1.9/48.1 § 2.2 50.9§ 0.7 66.6§ 1.1
SMPS-L 30.7 § 0.1/136.4 § 1.1 27.4§ 0.2/61.0 § 0.3 26.9§ 0.5/53.8 § 0.4/145.4§ 2.6
SMPS-N 31.1 § 0.1/99.4 § 2.3 27.0§ 0.2/59.6 § 0.3 23.2§ 0.4/51.9 § 0.3/116.5 § 5.9
s: Standard deviation.
Values in bold: considered internal reference value for total PN concentration (UCPC) and for particle number size distributions (SMPS-N or SMPS-L).
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very different from the ones measured with SMPS-L
(Figure 7a). Generated diesel soot particles sampled on
TEM grids are shown in Figure 7b. The TEM images
revealed diesel soot particles as compact agglomerates of
spherical primary particles, which fairly agrees with the
modal diameters reported by the SMPS-L and the
smaller diameter reported by NanoScan (31.1 § 0.1 nm).
Therefore, the NanoScan under-represented the actual
diesel soot particle size of 136 nm delivering a mobility
diameter much smaller maybe due to its open structure
(seen in Figure 7b).
4. Conclusions
The present study compared the performance of the
novel portable NanoScan SMPS TSI 3910 to two refer-
ence stationary SMPS instruments (one equipped with a
nano-DMA, the other a long-DMA) an ultraﬁne conden-
sation particle counter (UCPC). The instruments were
challenged with ﬁve aerosol types with variable morphol-
ogy and concentrations. The performance of the Nano-
Scan was evaluated with regard to PN concentrations
and size distributions and the main ﬁndings are sum-
marised as follow:
4.1. Total particle number concentration
 NanoScan was able to measure compact and
spherical particles (NaCl and DEHS) with a rea-
sonable agreement with an UCPC in terms of PN
concentration for particles between 60 nm and
230 nm in diameter, but showed signiﬁcantly
higher deviations for agglomerated particles
especially when the spark soot agglomerates were
larger and at high concentration (overestimation
of 66% compared with the total particle number
concentration obtained with the reference
UCPC).
 PN concentrations measured by NanoScan tended
to overestimate those reported by the UCPC, partic-
ularly for agglomerated particles such as ZnO, spark
generated soot, and diesel soot particles (with rela-
tive differences >20%), likely because of the differ-
ences in the charging efﬁciency of the NanoScan
unipolar charger for compact and agglomerated
particles. These observations are consistent with
Stabile et al. (2014) who conclude that the Nano-
Scan is not able to properly measure diesel-gener-
ated particles (fresh aerosol made up of aggregated
particles).
Figure 7. (a) Measurement data and ﬁtted particle number size distribution of generated bimodal diesel soot, measured in the exposure
chamber with SMPSs and NanoScan. Error bars indicate the standard deviation. p D p-value. (b) TEM images of collected 136 nm (left)
and 31 nm (right) diesel soot particles.
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 The clear underestimation of 11 nm NaCl particles’
PN concentration by the NanoScan evidences difﬁ-
culties to accurately determine PN at the lower end
of the instrument’s particle size measurement
range.
 Stationary SMPSs reproduced better agreements
with UCPC with regard to PN than NanoScan when
measuring agglomerated particles such as ZnO,
spark soot and diesel soot particles (with relative
differences <15% with respect to UCPC).
4.2. Particle size distributions
 Results from NanoScan were comparable to those
measured by SMPSs (considering an arbitrary 20%
threshold) with regard to particle diameter, for
most of the aerosols measured, with the exception
of 11 nm NaCl and DEHS particles.
 Particle size tended to be underestimated by Nano-
Scan for spherical particles larger than 200 nm (by
up to 34%).
 The NanoScan does not seem to be able to properly
resolve multimodal distributions.
NanoScan results and their comparability with an SMPS
show dependence on particle size, particle morphology,
particle composition, and particle concentration. Different
charge levels acquired by the particles in the unipolar char-
ger might be the reason of this dependence. Although
NanoScan instrument is known to provide higher time res-
olution analysis than the stationary SMPSs, it could be con-
sidered slow in certain speciﬁc microenvironments but it
can be a useful instrument to obtain estimates of the size
distribution in workplace air. Due to its portability, it is a
valuable tool for simpliﬁed exposure assessment, e.g., in the
second tier of a tiered exposure assessment strategy (Meth-
ner et al. 2010; Witschger et al. 2012; Asbach et al. 2014).
However, its accuracy should not be overestimated. While
the sizing accuracy was mostly within §25%, measured
total concentrations in some cases deviated by more than
50% (especially for agglomerated particles). For accurate
measurements, e.g., in tier 3, stationary SMPS instruments
are still the preferred choice.
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